Silicon microphones based on capacitive micromachined ultrasonic transducer membranes and radio frequency detection overcome many of the limitations in bandwidth, uniformity of response, and durability associated with micromachined condenser microphones. These membranes are vacuum-sealed to withstand submersion in water and have a flat mechanical response from dc up to ultrasonic frequencies. However, a sensitive radio frequency detection scheme is necessary to detect the small changes in membrane displacement that result from utilizing small membranes. In this paper we develop a mathematical model for calculating the expected output signal and noise level and verifies the model with measurements on a fabricated microphone. Measurements on a sensor with 1.3 mm 2 area demonstrate less than 0.5 dB variation in the output response between 0.1 Hz to 100 kHz under electrostatic actuation and an A-weighted equivalent noise level of 63.6 dB͑A͒ SPL in the audio band. Because the vacuum-sealed membrane structure has a low mechanical noise floor, there is the potential for improved sensitivity using higher carrier frequencies and more sophisticated detection circuitry.
I. INTRODUCTION
The demand for inexpensive microphones, coupled with advancements in silicon micromachining technology, has led to the development of many miniature acoustic pressure sensors. 1 The development of miniature microphones primarily has focused on hearing aid applications, and therefore concentrates on acoustic detection only in a limited audio range. 2 However, some scientific, industrial, and military applications require acoustic data collection over a broader bandwidth for proper signal identification. Frequencies above 25 kHz contain useful information for conditionmonitoring applications, particularly for machining and welding processes. 3 Acoustic sensing below the audio range is useful for target tracking and monitoring of heavy equipment and engines, 4, 5 as well as for studying infrasonic geophysical phenomena. 6, 7 In addition, unattended operation in harsh outdoor environments requires sensors that are impervious to dust and moisture. While certain measurement microphones have the necessary bandwidth and durability for such applications, the high cost of precision instruments can be a barrier to their widespread use. A micromachined silicon sensor is therefore desirable, as micromachining and lithography techniques offer the prospect of inexpensive, massproduced acoustic sensors and sensor arrays.
A durable, wideband micromachined microphone is possible using ultrasonic membranes that are vacuum-sealed. To maintain sensitivity, a radio frequency ͑rf͒ detection technique senses the changes in membrane capacitance in order to recover the acoustic signal. Applying rf techniques to measure changes in microphone capacitance is not new. Zuckerwar 8 and Hibbings 9 describe several rf techniques that have been applied to microphones. Most of these systems incorporate a condenser cartridge in a resonator and measure the resulting amplitude, frequency, or phase modulation of an oscillator signal. Ergun et al. 10, 11 recently proposed an acoustic sensor using an alternative rf technique, in which capacitance variations were detected through the phase modulation of a rf carrier signal along a capacitively loaded transmission line. This technique, henceforth referred to as rf detection, elegantly applies to a capacitive transducer consisting of multiple small cells. Following a general description of the microphone's mechanical structure and the rf detection technique, we develop a mathematical model for simulating its performance using rf detection. A comparison of the predictions and experimental measurements is followed by a discussion of the model and the potential capabilities of the microphone. To highlight the differences between this sensor and other common microphone approaches, we begin with an overview of micromachined condenser microphones.
II. MICROMACHINED CONDENSER MICROPHONES

A. Conventional microphone membranes
Many micromachined condenser microphones use a similar membrane structure to that of large measurement microphones and studio recording microphones. One common structure for omnidirectional pressure microphones, shown in Fig. 1 , consists of a conductive membrane suspended over a conductive backplate that is perforated with holes for acoustic damping. Sound detection is possible when the impinging pressure wave vibrates the membrane, thus changing the capacitance of the transducer. Under normal operation, a͒ Electronic mail: sthansen@piezo.stanford.edu the electrodes of the capacitor are charged using an external voltage bias through a large resistor. The changes in capacitance of the membrane are translated into changes in voltage, which can be sensed using a high-impedance preamplifier. A pressure equalization vent in the backchamber prevents fluctuations in atmospheric pressure from collapsing the membrane against the backplate.
A precision condenser microphone for measurement or calibration applications is capable of a uniform frequency response due to its relatively large air gap, on the order of 20 m, behind the membrane. 2 Silicon micromachined microphones, with membrane dimensions of 1-2 mm, require air gaps on the order of a few microns to maintain adequate sensitivity due to the reduced motion that results from a smaller membrane. However, the reduced dimensions of the air gap magnify the effects of squeeze-film damping, introducing frequency-dependent stiffness and loss. 1 This creates undesirable variations in the mechanical response with acoustic frequency. Furthermore, achieving a large dynamic range and a high sensitivity can be conflicting goals, since large sound pressures may cause the membrane to collapse under its voltage bias. 12 Beranek 13 derives a small-signal acoustic equivalent circuit model for condenser microphones that can be applied to micromachined microphones of a similar structure. This model, shown in Fig. 2 , includes additional elements to model the effects of the pressure equalization vent, discussed by Scheeper. 14 Due to the difficulty of fabricating a vent with high acoustic impedance using silicon micromachining technology, low-frequency acoustic signals at the membrane are partially equalized. This reduces the net pressure differential between the two sides of the membrane and results in a lowfrequency mechanical roll-off in the membrane response. 8 The vent not only influences the directionality of the microphone, but also prevents many micromachined microphones from sensing below 100 Hz, an important range for military acoustic applications. Finally, miniature condenser microphones can be susceptible to condensation in the narrow air gaps when exposed to humid environments or sudden temperature changes. 2 Moisture in the air gap can hinder membrane movement and may require regular cleaning to remove.
B. The sealed CMUT membrane
An alternative membrane structure that overcomes many of the drawbacks of conventional capacitive micromachined microphone designs incorporates many smaller vacuumsealed membranes. Capacitive micromachined ultrasonic transducers ͑CMUTs͒, which have been developed for the generation and reception of ultrasound in air and water, 15, 16 can be used in microphones. The structure of a single CMUT membrane, shown in Fig. 3 , consists of a metallized circular or rectangular silicon nitride membrane suspended over a silicon substrate. A typical membrane thickness is less than 1 m, while lateral dimensions range from tens of microns to 100 m. Because the individual membranes are small, tens or hundreds of them are electrically connected to form a transducer for the generation or reception of acoustic waves.
A CMUT membrane is smaller and stiffer than a conventional condenser microphone membrane, which permits vacuum sealing of the volume behind the membrane. The vacuum-sealed membrane structure has many important implications for microphone performance. First, the absence of air and a perforated backplate in the CMUT structure simplifies its equivalent circuit model, which is shown in Fig. 4 . This model can be derived from that of the condenser microphone by noting that the stiffness of the air behind the membrane is zero in vacuum, thereby shorting the capacitors that represent the air gap and backchamber in the equivalent circuit of Fig. 2 . In addition, the resistors that model the air flow through the backplate holes and pressure vent become open circuits, as there is no pathway for the flow of air behind the membrane. Therefore, squeeze-film damping, which is usually the dominant source of noise in condenser microphones over most of the audio range, 17 is eliminated. The absence of frequency-dependent circuit elements of the backchamber and pressure equalization vents in the circuit model suggests that the uniformity of the frequency response is also improved. Unlike standard unsealed microphones, the sealed CMUT structure does not have a low-frequency acoustic Fig. 1 . The harmonic pressure amplitude p ac is that at the membrane surface when it is restrained from moving. roll-off and responds to excitations at arbitrarily low frequencies, including atmospheric pressure fluctuations.
Because small CMUT membranes resonate at frequencies greater than several hundred kilohertz, the spring compliance of the membrane, represented by a capacitor in the equivalent circuit, dominates its response for the frequencies of interest. Therefore, the displacement response of the membrane is flat below its resonant frequency. Finally, the durability of the microphone is improved because the hermetic structure prevents condensation and particle contamination from getting inside the narrow capacitor gaps and hindering membrane motion. Experimental measurements in air confirm that such microphones are not affected by prior submersion in water. In fact, we confirm that the sensor can operate as a hydrophone in a liquid medium.
Condenser microphone systems measure capacitance changes, which are approximately a linear function of the membrane displacement due to acoustic pressure. For a circular membrane, the low-frequency displacement response is roughly proportional to its area. 8 Therefore, the use of N small CMUT membranes, rather than a single membrane of the same total area, reduces the displacement and the expected change in capacitance by a factor of N. This illustrates the primary tradeoff for the uniform, durable response provided by small CMUT membranes. Fortunately, the expected mechanical noise level of the sealed CMUT structure is extremely low, which suggests that a sensitive microphone remains possible. A rf detection technique compensates for the small displacement response of the membranes with a sensitive method for detecting slight capacitance changes.
III. RADIO FREQUENCY DETECTION WITH CAPACITIVE MEMBRANES
A. Description
In rf detection, tens or hundreds of capacitive membranes are periodically spaced along a rf transmission line, creating a capacitively loaded transmission line, as shown in Fig. 5 . This structure acts as a filter for millimeter-wave microwave signals, but still behaves as a transmission line for rf signals within its passband. 18 As the capacitive membranes in the line vibrate due to sound pressure, the transmission line's propagation constant, or equivalently, the phase velocity of the rf signal, also changes. Thus, a rf carrier signal that is launched down the loaded transmission line is phase modulated by the acoustic signal that impinges on the capacitive membranes. Subsequent demodulation using a phase detection circuit recovers the acoustic signal.
B. Circuitry
The phase modulation of the rf carrier can be sensed when the microphone is included as part of a phase detection circuit, such as the one shown in Fig. 6 , commonly used to detect phase variations in electrical devices. 19 The circuit first splits the rf signal from an oscillator into two branches. One branch passes through the microphone, which phase modulates the rf signal by the acoustic signal on the CMUT membranes. Mathematically, this signal takes the form
where V 1 and f c are the amplitude and frequency of the rf carrier, respectively, and ⌽(t) represents some time-varying phase modulation due to an acoustic signal. The second branch transfers a reference signal to the local oscillator ͑LO͒ port of the mixer,
where V 2 is the amplitude of the voltage signal and represents some fixed phase relative to the signal V rf . Ideally, the mixer performs multiplication of the signals at its input ports, resulting in output components at the sum and difference of the input frequencies:
͑3͒
These signals have a new voltage amplitude K d due to losses during mixing. A low-pass filter at the mixer output removes the component of the signal at twice the carrier frequency, 2 f c , as well as any additional higher-order harmonics that may be generated. The demodulated ͑or baseband͒ signal,
consists of a phase varying term ⌽(t) and a fixed phase reference . If is adjusted to /2 rad so that the two signals at the mixer inputs are in quadrature, the demodulated signal V O is proportional to the small phase variations of ⌽(t):
Because ⌽(t) is proportional to the change in capacitance, recovering ⌽(t) recovers the acoustic pressure signal on the membranes. Although more complicated than the constant voltage detection systems usually applied to condenser microphones, the rf detection system has some distinct advantages. First, the parasitic capacitance between membrane cells due to interconnects is incorporated into the rf transmission line structure. This is particularly relevant for a microphone composed of many small capacitors such as CMUTs, because parasitic capacitance degrades the sensitivity of the microphone in constant voltage detection. 8 A dc voltage bias is not required for operation, although a voltage can be applied to the membranes to adjust their deflection with changes in atmospheric pressure and to alter the microphone's sensitivity or calibration. In addition, the output impedance of the mixer in rf detection is low, typically around 50 ⍀, so an amplifier with a high-impedance input is unnecessary. Because the output is independent of acoustic frequency variations in ⌽(t), the low-frequency response of the CMUT structure is preserved for a broadband microphone. As a consequence, the circuit in Fig. 6 responds to shifts in atmospheric pressure or slow drifts in the electrical components. Therefore, a practical implementation uses feedback, applied through a voltagecontrolled phase shifter or a variable voltage bias on the membranes, to nullify such offsets over the long term. Thus, the minimum detectable acoustic frequency of the system becomes selectable through the time constant of the feedback signal.
C. Sensor fabrication
The transmission line structure of Fig. 5 is implemented using a coplanar waveguide transmission line over CMUT membranes. Similar capacitively loaded structures with a coplanar waveguide have been fabricated for microwave phase shifters using voltage-actuated metal bridges 20 instead of enclosed membranes. The final structure of the microphone for rf detection, shown in Fig. 7 , consists of a series of surfacemicromachined membranes covered by a coplanar waveguide transmission line, which consists of three conductors: a center signal line that traverses the membranes and one ground line on either side of a row of membranes. The lower electrode of each capacitive membrane is formed by a locally doped polysilicon layer that extends underneath the center portion of the membrane to the ground lines. Polysilicon is used for this conductor instead of metal because the high deposition temperature of silicon nitride for the membrane exceeds the melting temperatures of common metals.
The absence of the perforated backplate and capillary tube for pressure equalization, which are usually found in other micromachined condenser structures, simplifies the fabrication of the membranes. The processing steps for the sealed CMUT membrane are similar to those described by Jin, 21 with a few differences for rf detection. We start with an insulating, high-resistivity ͑2000 ⍀ cm͒ silicon substrate, which is suitable for low-loss coplanar transmission lines at several gigahertz. 22 The silicon substrate is coated with insulating films of silicon nitride and polysilicon, both deposited using low-pressure chemical vapor deposition ͑LPCVD͒. Sections of the polysilicon layer under the membranes are doped in a high-temperature furnace with phosphorous oxychloride using silicon dioxide to mask areas of the polysilicon that should act as electrical insulators. Figure 8͑a͒ shows the structure after removing the silicon dioxide mask in hydrofluoric acid. Following a thin silicon nitride deposition, which serves as an etch stop, the membrane structure is formed by depositing silicon nitride over patterned sacrificial layers of polysilicon and low-temperature silicon dioxide, as shown in Fig. 8͑b͒ . Small via holes are plasma etched at the side of the silicon nitride membrane, which permit the subsequent wet etch of the sacrifical layers to release the membrane. The etch is accomplished with a solution of potassium hydroxide followed by hydrofluoric acid, producing the membrane structure of Fig. 8͑c͒ . A second deposition of silicon nitride seals the etch holes, and because the deposition occurs in a vacuum furnace, the membrane structure is vacuum-sealed. The sealed silicon nitride membrane is etched to its final thickness to obtain the desired stiffness and deflection under atmospheric pressure. A plasma-etch opens contacts to the doped polysilicon electrode that extends underneath the membrane. Finally, Fig. 8͑d͒ shows the complete structure after patterning the metal transmission lines of sputtered alu- minum. The fabricated microphone die is mounted and wire bonded to a printed circuit board that has connectors to interface with the detection electronics. An optional coating of parylene can provide electrical insulation between the transmission line conductors if the microphone is operated in water.
IV. A MATHEMATICAL MODEL
The development of a mathematical model of a microphone using CMUTs and rf detection is essential to explore the potential capabilities and design tradeoffs of the sensor. Microphone sensitivity, one of the most important specifications for a microphone, is traditionally described in terms of the output voltage for an incident pressure. While this figure is useful for describing a condenser cartridge with or without a preamplifier, it is not straightforward to apply this measure to rf detection since the microphone and detection circuitry are interdependent. Furthermore, the use of voltage per pressure to describe the sensitivity of a rf detection system is misleading since subsequent amplification increases the output voltage without any apparent tradeoffs. A measure of sensitivity also should provide information about the minimum detectable sound pressure of the microphone, and, therefore, should incorporate both electrical and mechanical noise sources. Thus, the output signal-to-noise ratio ͑SNR͒ is a convenient measure of microphone sensitivity, and it is not limited to any particular frequency range. This ratio compares the rms signal voltage and rms noise voltage at the system output for a given frequency, noise bandwidth, and incident pressure.
The following sections develop a model to calculate the signal and noise levels necessary to predict microphone sensitivity. Sample calculations using the parameters for the fabricated microphone, shown in Fig. 9 , are compared to experimental results in Sec. V. In both the simulation and the experimental measurements, the phase detection circuit of Fig. 6 consists of the following components: a free-running dielectric resonator oscillator ͑EMF Systems model 52747-512086͒ with 20 dBm of output power at 2.8 GHz, a reactive power splitter ͑Minicircuits model ZAPDQ-4͒, a mechanical phase shifter ͑ARRA model L9428A͒, a double-balanced mixer ͑Marki Microwave model M1-0204NA͒, a low-pass filter ͑Minicircuits model SLP-1.9͒, and a baseband amplifier using an operational amplifier ͑Analog Devices model AD797͒. Values for the relevant parameters associated with the fabricated microphone and its phase detection circuit are presented as needed in the model development. For parameters that are measured directly from the fabricated microphone, the number of significant digits indicates the estimated precision of the measurement.
A. Membrane response
The first step in modeling the output signal of the microphone in a phase detection circuit involves the calculation of the membrane movement in response to the pressure at its surface. As the acoustic equivalent circuit for the vacuumsealed CMUT does not contain any acoustic elements behind the membrane that influences its motion, the analysis is simpler than for unsealed microphones. However, the microphone's size and packaging can influence its response at high frequencies, where the wavelength of sound in air approaches the size of the microphone. 23 To separate the effects of packaging from the analysis, the starting point for analyzing membrane motion is the pressure at the membrane surface. For frequencies at which the sensor and its packaging are much smaller than the wavelength of sound in fluid, diffraction effects are negligible and the pressure signal at the diaphragm surface is approximately the same as would exist in free-field conditions. 23 Both the membrane deflection under static ͑dc͒ pressure and the movement of the membrane under harmonic ͑ac͒ pressures are considered. Although a CMUT membrane is a compound structure consisting of partially metalized silicon nitride, measurements of membrane deflection under atmospheric pressure before and after metallization usually differ by less than 2%. Therefore, the silicon nitride membrane dominates the stiffness of the structure, and the effects of the metal are neglected in the model.
Mason 24 derives a general equation of motion for a uniform stretched diaphragm, shown with slight modifications to the notation:
Here, u is the vertical or transverse displacement, l m is the membrane thickness, p is either the static or acoustic pressure, is the residual stress, and is the density of the membrane material. Although we continue to use the common term membrane throughout the following analysis, the precise structure modeled by Eq. ͑6͒ is a stretched diaphragm since both the bending stiffness of a finite-thickness plate and the residual tensile stress of the material are included. The flexural rigidity D in Eq. ͑6͒ is given by
where E is the Young's modulus, and v is the Poisson's ratio of the material. 24 A rectangular membrane geometry is used in the fabricated microphone because its peak displacement is greater than that of the inscribed circular membrane of the same 
Following the approach of Badi et al., 25 the complexity of the partial differential equation is reduced considerably by treating the rectangular membrane as very long in one dimension and taking the other dimension to be length L. Treating the displacement u only as a function of time and the x coordinate in Fig. 10 , Eq. ͑6͒ becomes
where uЈ(x,t) denotes a spatial derivative, and u (x,t) denotes a time derivative of u(x,t). For the case of dc deflection under atmospheric pressure p dc , the time variations in u are negligible, reducing Eq. ͑8͒ to a fourth-order ordinary differential equation for u(x):
The general solution of the equation for the static displacement u dc (x) is
͑10͒
The four unknown constants are found by applying the boundary conditions for a clamped plate, specifically that u dc (x) and u dc Ј (x) are zero at the edges of the diaphragm, where xϭϮL/2. Due to the symmetry of the coordinate system of Fig. 10 , c 3 and c 4 are identical and c 2 is zero in Eq. ͑10͒. Redefining the constants and applying the boundary conditions yields the solution for the static deflection under pressure p dc :
where
This result is used later to calculate the static capacitance of the vacuum-sealed capacitive membranes under atmospheric pressure. Using the parameters from the fabricated microphone membranes, shown in Table I , Eq. ͑11͒ predicts 0.895 m deflection at the membrane center (xϭ0) under standard atmospheric pressure.
The response of the membrane to time-varying pressure is similarly calculated from Eq. ͑8͒. For a time-harmonic pressure amplitude of p ac at angular acoustic frequency a , the second-order time derivative scales u by Ϫ a 2 . Thus, at a fixed excitation frequency, Eq. ͑8͒ reduces to an ordinary differential equation in a single variable:
The solution for harmonic excitation is obtained by finding a general solution and then applying the same clamped boundary conditions as in the static case to solve for the unknown constants. Following this procedure, the solution for amplitude of the ac displacement u ac (x) is
where 
The ac motion at the center of a membrane with the dimensions and parameters of Table I is simulated in Fig. 11 . As suggested earlier, the predicted displacement amplitude of 0.124 Å for 1.41 Pa amplitude ac pressure ͑or equivalently, 1 Pa rms͒ is extremely small, due to the miniature lateral dimensions of the membrane. Below 1 MHz, the membrane response does not vary appreciably from its lowfrequency value. Because the membrane resonance is significantly greater than the usable frequency range of the microphone, the solution for the static deflection can be used to calculate the low-frequency harmonic excitation in most cases. Indeed, the static and dynamic solutions shown in Eq. ͑11͒ and Eq. ͑13͒ converge below the membrane resonant frequency for the same pressure input. Because the equations and solutions presented here for membrane displacement are linear with applied pressure, the previous analysis implicitly assumes that the dc deflection of the membrane under atmospheric pressure does not influence the ac response of the membrane to acoustic pressure signals. This assumption is a potential source of error in the model, as large deformations of the membrane likely stiffen the structure, reducing its ac response.
B. Capacitance calculations
Once the membrane response is characterized, it is straightforward to calculate the capacitances that load the transmission line in rf detection. The capacitance C m between the top metal electrode and the ground electrode beneath the membrane, neglecting fringing fields near the conductor edges, is calculated by integrating the parallel-plate capacitance formula with two dielectrics over the area of overlap of the electrodes:
Here, l g is the effective vacuum gap between the membrane and substrate with free-space permittivity ⑀ 0 , and l m is the thickness of the membrane material with relative permittivity ⑀ m . The small insulation thickness l i of silicon nitride, shown in Fig. 12 over the ground electrode, adds directly to the membrane dielectric thickness in the capacitance formula. The vacuum gap l g is shown as a function of position to indicate that the size of the gap changes with coordinate position because of the membrane's deflection under atmospheric pressure. Since the expression for u dc is a function of x position only, the integration over area can be simplified to a single integral by neglecting the y-coordinate variations.
Based on the geometries shown in Figs. 12 and 13, the capacitance of a membrane with metal electrode width w m and ground electrode width w g is
where the gap l g is replaced by the difference between the initial zero-deflection gap l g0 and the membrane static deflection u dc (x). Following the calculation of u dc (x) using Eq. ͑11͒, the integral of Eq. ͑15͒ can be evaluated numerically to calculate the static membrane capacitance. The capacitance due to an incremental acoustic pressure is found by superimposing the membrane's ac displacement u ac (x) onto its static deflection in the capacitance formula:
The simulated displacement amplitude u ac at the membrane center using Eq. ͑13͒ and the values given in Table I . Finally, the change in membrane capacitance ⌬C m due to the ac pressure is calculated by subtracting the static membrane capacitance C m from the capacitance under both static and acoustic pressures C dcϩac :
Using the parameters in Table II , the predicted static capacitance of a membrane from the fabricated microphone is 79 fF using the calculated static deflection under atmospheric pressure. The amplitude of the changing capacitance ⌬C m of a single membrane is 4.3 aF for the calculated displacement amplitude of 0.124 Å associated with a 1 Pa rms pressure signal. These values are used in the following section to calculate the phase shift of the microphone transmission line in rf detection.
C. Transmission line with capacitive loading
As previously described, rf detection senses the phase shift of a carrier signal at frequency f c through a transmission line loaded with capacitive membranes. Before modeling the effects of capacitive loading, the characterization of the unloaded transmission line is necessary. Wen 26 derives an expression for the capacitance per unit length C t of a coplanar waveguide transmission line:
where ⑀ eff ϭ͑⑀ sub ϩ1 ͒/2, kϭA/B, and kЈϭͱ1Ϫk 2 .
Equation ͑18͒ models a line with center conductor width A and separation between ground lines B, as shown in Fig. 13 . The lines are modeled on a silicon half-plane with relative permittivity ⑀ sub . The effective relative permittivity ⑀ eff of the transmission line is treated as the average of the freespace and substrate relative permittivities, and the function K represents the complete elliptic integral of the first kind. The transmission line can be treated as being immersed in a single dielectric of relative permittivity ⑀ eff with characteristic impedance Z 0 ϭͱ⑀ eff /(cC t ), where c is the speed of light in free space. 26 Because the characteristic impedance of a low-loss transmission line also is Z 0 ϭͱL t /C t , the inductance per unit length L t can be calculated using the previous expressions for C t and Z 0 . Using the parameters in Table III and Eq. ͑18͒, the predicted capacitance and inductance per unit length are 118 pF/m and 596 nH/m, respectively. The predicted characteristic impedance Z 0 of the unloaded line is 71 ⍀.
The Because the characteristic impedance of the low-loss, capacitively loaded transmission line is given by
Eq. ͑21͒ simplifies to This expression can be used to compute the phase shift due to a fluctuation in membrane capacitance ⌬C m and predicts that the phase shift is proportional to ⌬C m , the loaded transmission line impedance Z L , the number of membranes N, and the rf carrier frequency f c . Using either Eqs. ͑20͒ or ͑23͒ and the fabricated microphone parameters and previously calculated values given in Table IV , the expected phase shift amplitude is 58.6 rad for 1 Pa rms acoustic pressure. The calculated loaded line impedance from Eq. ͑22͒ is 34.5 ⍀. This impedance is sufficiently similar to the typical 50-⍀ impedances of other rf circuit components to obviate the need for impedancematching networks in the phase detection circuit.
D. Phase detection
The mixer in the phase detection circuit converts the phase shift to a voltage, assuming the input signals are in quadrature. The detection constant K d of the mixer, first introduced in Eq. ͑3͒, is a function of the mixer loss, the rf frequency, the terminating impedance, and the rf power level at the mixer inputs. 19 Although K d can be measured directly in the phase detection circuit, an estimate of K d is useful for the simulation model.
The voltage amplitude of a rf signal on a transmission line with impedance Z L is ͱ2Z L P c , where P c is the rf carrier power at the output of the microphone or at the input to the mixer. Assuming perfect impedance matching and taking L m as the mixer conversion loss, defined as the ratio of power available from the rf port to the power delivered to the output, the voltage at the rf port is reduced by a factor of ͱL m at the mixer output. Therefore, the detection constant
This expression assumes that sufficient drive power is available at the mixer LO port to fully switch the mixer diodes. Furthermore, it does not account for any impedance mismatch at the mixer ports nor does it account for saturation or compression of the output signal for large rf powers. Therefore, for a low-loss microphone transmission line, as is the case here, the input rf power that saturates the mixer should be substituted for P c . This sets the upper limit for K d . Using experimentally determined values for the mixer of 7 dB for conversion loss and 7 dB m for the input power compression, as shown in Table V , the estimated mixer detection constant is 0.263 V/rad.
E. Baseband amplification
The output voltage amplitude from the mixer is 15.4 V, using a calculated phase shift amplitude of 58.6 rad for 1 Pa rms. Because this demodulated voltage signal is small, a baseband amplifier is necessary to increase the magnitude of the voltage signal before further signal processing or digitization. An amplifier providing 60.0 dB of gain brings the signal level to 15.4 mV, or 10.9 mV rms. Fortunately, the low output impedance of the rf mixer in the phase detection circuit allows for such an amplification with only a slight degradation to the SNR. The noise considerations of the amplifier and of the entire system are considered in the following sections.
F. Mechanical noise
Acoustic transducers are subject to thermal mechanical noise from the acoustic medium. This mechanical noise is often referred to as acoustic self-noise, 23 since it is a property of the microphone's structural design and is unrelated to the electrical detection system. In many microphones, the squeeze-film damping due to air flow through the acoustic holes in the backplate and through the pressure equalization vent is the dominant noise mechanism for the entire system over most of the audio frequency range. 27, 28 Furthermore, experiments by Zuckerwar and Ngo 29 suggest that the mechanical 1/f noise of an unsealed microphone structure also correlates with the air gap resistance. As there is no acoustic flow behind a vacuum-sealed CMUT membrane, the structure has a much lower mechanical noise floor than that of an unsealed structure. This is evident in the equivalent circuit model of the CMUT by the absence of many acoustical resistances, which represent dissipation mechanisms in the structure. As seen in Fig. 4 , the remaining dissipation mechanism in a sealed membrane structure is represented by the radiation resistance. This thermal noise due to acoustic radiation of the moving membranes is experienced by all microphones that are exposed to the air.
A common approach to calculating the pressure noise of small sensors, originally undertaken by Sivian and White, 30 is to calculate the pressure noise from the radiation of a piston in an infinite baffle. Fellgett, 31 however, notes that the infinite-baffle assumption leads to a factor-of-2 discrepancy and is not the usual configuration for a miniature microphone. A more general approach examines the intrinsic ther- mal noise of the medium, derived by Hunt. 32 The resulting mean-square pressure fluctuation noise in a 1-Hz band is
where k B is Boltzmann's constant (1.38ϫ10 Ϫ23 J/K), T 0 is the absolute temperature of the system, a is the density of air, c a is the speed of sound in air, and f a is the acoustic frequency. Taking the square root of Eq. ͑25͒ yields the rms pressure fluctuations per ͱHz, valid for a sensor that is smaller than the wavelength of sound at the frequencies of interest. Integrating the A-weighted rms pressure noise yields an equivalent self-noise of Ϫ9.3 dB͑A͒ SPL at standard pressure and room temperature. As the mechanical noise due to radiation is small, it does not impose practical limits on the sensitivity of a miniature microphone composed of otherwise lossless, vacuum-sealed CMUT membranes. Therefore, mechanical noise can be neglected in simulations since the electrical noise dominates.
G. Electrical noise
There are several sources of electrical noise in the phase detection electronics that must be considered. First, the oscillator, which serves as the rf signal source in Fig. 6 , contributes phase noise to the circuit. This phase noise is present in both the microphone and the reference branches of the detection circuit. For similar time delays in the two circuit branches, it is largely correlated at the rf and LO inputs of the mixer. Therefore, most of the oscillator phase noise cancels at the mixer output for a low-noise signal source, such as a dielectric resonator oscillator, and the phase noise of the signal source can be neglected in this model. For acoustic frequencies below 100 kHz, we have experimentally confirmed that the noise floor of the detection circuit does not change with high-quality oscillators of varying spectral purities.
The dominant source of noise in rf detection is due to thermal noise, shot noise in the mixer diodes, and 1/f noise. 19 The white noise floor of the mixer is modeled using the mixer's single sideband noise figure F m and the mixer's conversion loss L m . The available noise power in W/Hz at the mixer output is given by
which has a flat acoustic spectrum. Assuming a matched termination of R 0 at the mixer output, the expected rms output
In addition to white noise with a flat spectral density, realistic mixers also have a component that varies approximately as 1/f . Equation ͑27͒ can be modified to account for this noise by defining a corner frequency f 1/f as the baseband or acoustic frequency f a at which the 1/f component of the noise equals the mixer's white noise floor:
The 1/f noise corner frequency depends on the rf frequency, the power levels in the circuit, and the cleanliness of the semiconductor fabrication facility for the Schottky diodes in the mixer. 33, 34 This makes estimation of the 1/f corner frequency difficult without specific information about the mixer diodes and how the mixer's 1/f noise is influenced by external circuit components. Thus, the noise performance of a specific mixer in the phase detection circuit is best determined experimentally. Although lower noise performance is possible, a typical value for the corner frequency f 1/f in rf double-balanced mixers is 100 kHz. 35 In the absence of further information, a value of 100 kHz is assumed for f 1/f in sample noise calculations to illustrate the effects of mixer 1/f noise on system performance.
The baseband amplifier contributes thermal electrical noise and, below 100 Hz, excess 1/f noise, which is neglected in the model. Because the output impedance of the mixer and low-pass filter combination is low, near 50 ⍀, the effects of the current noise contributed by the baseband amplifier are usually negligible. Therefore, an amplifier with high current noise may be used as long as the voltage noise is very low. Figure 15 shows the schematic of the baseband amplifier with feedback resistors, set for a voltage gain of 1001 or 60.0 dB. The 50 ⍀ resistor at the positive terminal serves as the terminating load for the mixer, R 0 , which itself has an output impedance near 50 ⍀. Although the matched termination reduces the signal level at the input of the amplifier, experimental measurements show that it also reduces the noise floor and the dc offsets from the mixer for an overall improvement in the SNR.
For the resistor values of Fig. 15 and the parameters in Table VI , the baseband amplifier noise figure is 3 dB, or a factor of 2.0, calculated using a source resistance of 50 ⍀ from the previous stage. Figure 16 shows the calculated electrical noise at the output of the baseband amplifier that is due to the mixer and the amplifier. The simulation suggests that the mixer's 1/f noise dominates the total output noise of the detection circuit over the audio range.
H. Calculating sensitivity
An estimate of the sensitivity can be obtained with the models developed for calculating the signal and noise levels of the microphone and its phase detection circuit. The predicted signal after amplification is Ϫ39.2 dB relative to 1 V rms for a 1 Pa rms acoustic signal and is independent of the acoustic frequency below 100 kHz. The predicted noise level at 1 kHz is Ϫ106.7 dB V rms per ͱHz from the simulation shown in Fig. 16 . Therefore, the predicted SNR in a 1 Hz noise bandwidth at 1 kHz is 67.5 dB for 1 Pa rms of pressure. Referring the integrated, A-weighted output noise to the pressure input of the microphone yields a predicted equivalent noise level of 61.9 dB͑A͒ SPL over the audio band.
The model's prediction of the signal level is most sensitive to the membrane thickness l m , as this determines the membrane's static deflection and the effective capacitor gap spacing. Due to nonuniformities across the wafer, the estimated uncertainty in the measurement membrane film thickness is Ϯ5 nm. Recalculating the signal level using the maximum range of 0.395 to 0.405 m for l m , the predicted output signal ranges from Ϫ38.0 to Ϫ40.4 dB V rms for an uncertainty of up to 2.4 dB in the model's prediction for a signal level.
V. EXPERIMENTAL RESULTS
Acoustic characterization of the CMUT microphone with rf detection is performed in an anechoic chamber, using a Brüel & Kjaer Type 4135 1/4 in. free-field microphone as the reference microphone. The reference microphone is positioned 1 cm above the microphone under test, both oriented toward the speaker for normal incidence. The reference microphone is calibrated at 1 kHz using an ACO Pacific 511E Sound Level Calibrator for 94 dB SPL, or 1 Pa rms. Following the calibration of the reference microphone, both microphones are exposed to the same 1 kHz sound field. A comparison of the relative output signals between the reference and test microphones determines the response of the CMUT microphone with rf detection, which is Ϫ42.7 dB V rms for 1 Pa rms of pressure.
Acoustic testing over many decades of frequency is difficult without specialized low-and high-frequency microphones and sound sources. An alternative method of testing the frequency response uses electrostatic actuation of the CMUT membranes at infrasonic through ultrasonic frequencies. This method captures the response of the microphone and rf detection system to the force or pressure at the surface of the membranes, but does not account for acoustic diffraction effects of the microphone. The application of voltage actuation signal and dc bias is accomplished by inserting a bias T before and after the microphone in the circuit in Fig.  6 . To compensate for the variations in response of the bias T with frequency, the actuation voltage applied to the input of the bias T is adjusted at each frequency to maintain a constant ac voltage on the capacitive membranes of the microphone.
The frequency of voltage actuation is varied from 0.1 Hz to 100 kHz, while maintaining a 5.8-V dc bias and a 68-mV amplitude excitation on the membrane capacitors. This voltage bias and excitation are both small enough to prevent an electrostatic collapse of the membrane while producing an output signal, Ϫ11.0 dB V rms, that is much larger than the noise floor. The output signal of the microphone and detection circuitry varies less than 0.5 dB over six decades of frequency, from 0.1 Hz to 100 kHz. The previous acoustic measurement at 1 kHz correlates the output under voltage actuation with that from pressure excitation, generating the frequency response plot in Fig. 17 . The predicted response curves use the simulation models developed in Sec. IV with the parameters for the fabricated microphone and phase detection circuit. The output voltage noise of the microphone in the phase detection circuit is measured with a fast Fourier transform ͑FFT͒ spectrum analyzer ͑Stanford Research Systems model SR760͒. Figure 17 shows the measured output noise floor of the microphone with its detection circuitry measured in a laboratory environment. At 1 kHz, the measured noise is Ϫ111.1 dB/ͱHz relative to 1 V rms. Therefore, the measured SNR at 1 kHz is 68.4 dB/Pa rms in a 1-Hz noise band. The measured signal and noise plots of Fig. 17 correspond to an A-weighted equivalent noise level of 63.6 dB͑A͒ SPL for the microphone.
VI. DISCUSSION
A. Model verification and comparison
The measured acoustic response of the microphone at 1 kHz is 3.5 dB lower than that predicted by the model, and the measured noise level at 1 kHz is 4.4 dB lower than predicted. Both of the measurements are slightly out of the range of expected error based on uncertainties in thickness and 1/f corner frequency. However, some additional measurements of membrane deflection, the rf transmission line, and the mixer lend insight as to the probable sources of error in the simulation model.
Accurate modeling of the membrane deflection under atmospheric pressure is important because the capacitance calculations are sensitive to the electrode spacing. Fortunately, u dc can be verified on the fabricated microphone. An atomic force microscope ͑AFM; Digital Instruments Dimension 3000͒, scanning along the membrane's length, generates the profile shown in Fig. 18 . Subtracting the 0.71-m metal line thickness yields a peak membrane deflection of approximately 0.89 m, which is similar to the predicted peak deflection of 0.895 m. The profile along the membrane width, shown in Fig. 19 , is measured optically since the metal signal line is reflective over the entire scan. An optical interferometer ͑Zygo White-Light 3D Surface Profiler͒ measures a peak static deflection of 0.91 m, slightly greater than predicted. Both measurements verify the initial gap height of 1.00 m. Since both the AFM and optical interferometer measurements of u dc are very similar to the predicted deflection, no adjustments to this part of the model are necessary. Although the static deflection of the membrane is easily verified, the ac displacement amplitude u ac is too small for us to accurately determine, even when using voltage excitation of the membranes to increase the measurable movement. Therefore, an error in the prediction of u ac by Eq. ͑13͒ could account for the larger predicted signal level than measured.
Although the output signal is not particularly sensitive to the impedance or loss of the microphone transmission line structure, rf measurements provide another verification of the transmission line aspects of the model. Measurements at 2.8 GHz using a network analyzer ͑Hewlett-Packard model 8510C with 8517A S-parameter test set͒ indicate the characteristic impedance of the transmission line structures. An unloaded coplanar waveguide with the same dimensions as those of the fabricated microphone has a characteristic impedance Z 0 of 78 ⍀, similar to the predicted value of 71 ⍀ for the dimensions shown in Table III . The higher measured impedance of the line is likely due to the finite extent of the ground conductors of the unloaded coplanar waveguide, as expected from more elaborate transmission line models. 36 The measured impedance of the loaded transmission line of the fabricated microphone is 37 ⍀, only slightly larger than the predicted loaded impedance of 34.5 ⍀. The measured transmission line loss on the microphone device is 4.1 dB at 2.8 GHz. The loss is higher than that of other published coplanar lines on silicon, 22 but this is likely due to the capacitive loading as well as the thin, 0.71 m aluminum metalization and step coverage over the membranes. Nonetheless, this loss still is small enough to be neglected in the calculation of the mixer detection constant K d , as there still is sufficient rf power at mixer to saturate it.
The model for mixer detection constant K d is verified experimentally for the specific mixer in our phase detection circuit at 2.8 GHz. A 50-⍀ step attenuator replaces the microphone in the phase detection circuit of Fig. 6 to vary the amount of rf power P c at the mixer. The detection constant is measured by recording and scaling the output voltage for small departures in phase from quadrature, using a micrometer-drive phase shifter. As shown in Fig. 20 , the measured K d conforms to that predicted by Eq. ͑24͒ if one assumes 7 dB for the conversion loss L m , 7 dBm saturation power for P c , and 50 ⍀ for the line impedance Z L . Replacing the step attenuator with the fabricated microphone permits direct measurement of 0.27 V/rad for K d for this microphone. As the measurement is similar to the simulation value of 0.263, the calculation of K d is not a cause of the observed discrepancy between the measurement and the model.
One likely cause for the overestimate of the signal level in the simulation model is evident from the deflection profile along membrane width in Fig. 19 . The one-dimensional membrane and capacitance models assume that the dc and ac deflections along the membrane width W remain constant over the ground electrode width w g . For the device tested, w g extends between Ϯ50 m along the width in the profile of Fig. 19 . Since the membrane deflection decreases over this region of W, the one-dimensional simplification to model diaphragm motion overestimates the capacitances C m and ⌬C m in the model. The larger calculated value for C m also explains why the predicted impedance of the loaded transmission line is lower than measured, since a larger loading capacitance decreases the line impedance. A second possible source of error in the prediction for signal level arises from nonlinear stress-stiffening effects in the membranes, which are neglected in the equations for dc and ac membrane response. As the membrane deflects under atmospheric pressure, the tensile stress of the structure increases, thereby increasing the stiffness of the structure and reducing the incremental ac motion of the membrane. A more accurate model might use finite element simulations to calculate the two-dimensional membrane deflection profile and capacitance, including stress-stiffening effects. This method potentially reduces both of the likely sources of error in the simulation model, although the model complexity and necessary computation time increase with finite element simulations. For analyzing tradeoffs or for developing optimal microphone designs, the closed-form, one-dimensional solution to the membrane response may be preferable if some error can be tolerated.
The measured noise floor of Fig. 17 indicates the presence of ambient acoustic noise in the audio band. In addition, there are several peaks in the noise floor at multiples of 16 kHz. The high-frequency peaks could be due to electromagnetic interference with the rf detection circuitry, with regular multiples created by mixing products. The simple 1/f noise model of the mixer overestimates the noise at higher frequencies and underestimates the noise at very low frequencies. Below 10 Hz, the measured noise varies almost as 1/f 2 . Other measurements of 1/f noise in diodes suggest that the noise exhibits a dependence of 1/f ␣ , where ␣ is slightly greater than unity. 37 As previously discussed, 1/f noise is difficult to predict because its dependence on several factors, internal and external to the mixer, is unknown. Table VII summarizes and compares selected measurements with the model predictions.
B. Improving sensitivity
The use of sealed CMUT membranes in the microphone provides a uniform, wideband response to pressure while sealing out particle contamination and moisture. Improving the SNR of the microphone is a remaining design challenge, as the use of relatively small, stiff membranes reduces the sensor's mechanical response to pressure. Some possible approaches for reducing the stiffness of the membranes include corrugated structures or a reduction of the membrane material's residual stress through doping and annealing. 38 The use of larger, unsealed membranes that are not fully supported along their perimeters also may increase the membrane motion though some of the advantages in bandwidth, frequency response, and durability may be forfeited.
Some unique opportunities for improvement exist with the described rf detection technique, without necessarily modifying the sealed membrane structure. Since the loaded transmission line translates the capacitance variations of the membranes into phase variations, methods that increase the phase modulation of the rf carrier or reduce the noise of the phase detection electronics also have the potential to improve the sensing capability of the microphone. For example, the use of higher rf frequencies increases the phase shift of the rf carrier that travels along the microphone transmission line. Because the phase shift is proportional to f c , as shown in Eq. ͑23͒, each doubling of frequency increases the signal level by up to 6 dB if K d remains unchanged. However, the optimum rf frequency balances the increase in phase shift with the increases in rf loss through the transmission line structure and any increase in the noise floor of the detection electronics at higher operating frequencies. In addition to increasing the phase shift of the rf carrier, the resolution of the phase detection circuitry also can be improved. More sophisticated circuit topologies suppress the carrier through an rf interferometer, as demonstrated by Sann. 39 Because the suppressed carrier prevents saturation of the mixer, it is possible to amplify the phase modulation signal at rf frequencies prior to the mixer, which introduces most of the electrical noise. Since low-noise, narrowband amplifiers are available at rf frequencies, the effects of the mixer 1/f noise and baseband amplifier noise are mitigated, and the system noise floor can approach that of fundamental electrical thermal noise limits. Ivanov et al. 40 demonstrate such a phase detection system capable of measuring rms phase variations at 1 kHz of 0.3 nrad/ͱHz, using a carrier frequency of 9 GHz and the same rf power level as our circuit. For comparison, the phase detection circuit presented here is capable of measuring rms phase variations of 17 nrad/ͱHz at 1 kHz, based on the measured SNR of Fig.  17 using a calculated rms phase variation of 41.4 rad. This suggests that up to 35 dB improvement in SNR at 1 kHz may be possible through carrier-suppressed phase detection topologies. The potential improvement is greater at lower audio and infrasonic frequencies.
VII. CONCLUSIONS
The use of the sealed CMUT membrane as the mechanical structure for a microphone provides a uniform, wideband response while sealing out moisture. In rf detection, the small capacitance variations of the membranes along a transmission line are sensed through the phase variations of a rf carrier. The mathematical model presented here predicts a SNR of 67.5 dB/Pa rms at 1 kHz in a 1-Hz band, compared to a measured SNR of 68.4 dB for the fabricated microphone. Over the audio bandwidth, the measured sensitivity corresponds to an equivalent noise level of 63.6 dB͑A͒ SPL. Electrostatic actuation of the membrane demonstrates the potential bandwidth of the microphone, which exhibits less than 0.5 dB of variation in the output response of the system from 0.1 Hz to 100 kHz.
While various rf or carrier-based methods have been applied to other microphones, to the authors' knowledge such techniques previously have not been applied to sealed membrane structures such as the CMUT. As the mechanical noise of the condenser structure ultimately limits the minimum detectable pressure that can be sensed, applying a sensitive electrical detection technique to a conventional micromachined microphone may offer little or no improvement to the microphone's sensing capability. However, the combination of a sensitive rf technique and a sealed membrane structure extends the range of possible sensitivities for micromachined microphones. The rf detection technique presented here translates variations in membrane capacitance into phase variations of a rf signal, which can be measured extremely accurately. Therefore, the use of sealed CMUTs in conjunction with rf detection offers the potential to surpass the sensitivity of other micromachined microphones, which often are limited by their structural mechanical noise, while retaining advantages such as a uniform, wideband response and protection from moisture.
